Abstract. We present evidence for the production of single top quarks at the Fermilab Tevatron pp collider. Using a 0.9 fb −1 dataset collected with D0 detector, the analysis is performed in the electron+jets and muon+jets decay modes, taking special care in modeling the large backgrounds, applying a new powerful b-quark tagging algorithm and using three multivariate techniques to extract the small signal. The combined measured production cross section is σ(pp → tb + X, tqb + X) = 4.7 ± 1.3 pb. The probability to measure a cross section at this value or higher in the absence of signal is 0.014%, corresponding to a 3.6 standard deviation significance. We use the cross section measurement to directly determine the CKM matrix element that describes the W tb coupling and find 0.68 < |V tb | ≤ 1 at 95% C.L. within the standard model.
Introduction
Top quarks were first observed produced in tt pairs via the strong interaction at the Tevatron collider in 1995. In the standard model (SM), top quarks are also expected to be produced via the exchange of a W boson in s-or t-channel. The final state in these channels thus consists of one "single" top quark together with a b quark in the s-channel (tb) and an additional light quark in the t-channel (tqb). Single top quarks can also be produced in association with a W boson (tW ), but the cross section for this process at the Tevatron is very small and will be ignored here. The next-to-leading order prediction for the s-channel single top quark cross section is σ(pp → tb + X) = 0.88 ± 0.11 pb, and for the t-channel process, the prediction is σ(pp → tqb + X) = 1.98 ± 0.25 pb [1] .
Both the CDF and D0 collaborations have performed searches for this process in the past [2, 3] . The analysis presented here, described in more detail in Ref. [4] , draws many techniques and experience from the previous D0 analyses, where it was made clear that multivariate techniques are necessary to be sensitive to the SM production cross section with limited data statistics.
Observation of single top quark production allows one to study the Vtb coupling and directly measure the CKM element V tb without the standard model (SM) assumption of three families.
Event selection, Backgrounds and Data Samples
The data used in this search was collected from 2002 to 2005 with triggers that required an electron or a muon and at least one jet. Events are required to have exactly one isolated electron (muon) with p T > 15 GeV (18 GeV) within |η| < 1.1 (2.0), and E T > 15 GeV. Events are also required to contain two, three or four jets, using a cone algorithm with radius R = (∆y) 2 + (∆φ) 2 = 0.5 (where y is rapidity and φ is azimuthal angle) to cluster energy deposits in the calorimeter. The leading jet has p T > 25 GeV and |η| < 2.5, the second leading jet has p T > 20 GeV and |η| < 3.4, and subsequent jets have p T > 15 GeV and |η| < 3.4. To enhance the signal content of the selection, at least one jet in the event is required to be identified as a b-quark jet (b-tagging).
There are three main backgrounds to single top: W bosons produced in association with jets; top quark pairs decaying into the lepton+jets and dilepton final states, when a jet or a lepton is not reconstructed; and multijet production, where a jet is misreconstructed as an electron, or a heavy-flavor quark decays to a muon that passes the isolation criteria. The tt background is normalized to the integrated luminosity times the predicted tt cross section of 6.8
The W +jets background, together with the multijet background, is normalized to the data in each channel (defined by lepton flavor and jet multiplicity) before b-tagging.
To increase the search sensitivity, we divide these events into twelve independent analysis channels based on the lepton flavor (e or µ), jet multiplicity (2, 3, or 4), and number of identified b jets (1 or 2). We do this because the signal acceptance and signal-to-background ratio differ significantly from channel to channel. Event yields are given in Tab. 1 (lef t), shown separated only by jet multiplicity for simplicity. The acceptances for single top quark signal as percentages of the total production cross sections are (3.2 ± 0.4)% for tb and (2.1 ± 0.3)% for tqb. 
Systematic uncertainties
The dominant contributions to the uncertainties on the backgrounds come from: normalization of the tt background (18% of the tt component), which includes a term to account for the top quark mass uncertainty; normalization of the W +jets and multijet backgrounds to data (18-28%), which includes the uncertainty on the heavy-flavor fraction of the model; the jet energy scale corrections (1-20%); and the b-tagging probabilities (2-16%). The uncertainties and their sizes are shown in Tab.1 (right). The uncertainties from the jet energy scale corrections and the b-tagging probabilities affect both the shape and normalization of the simulated distributions.
Having selected the data samples, we check that the background model reproduces the data in a multitude of variables (e.g., transverse momenta, pseudorapidities, azimuthal angles, masses) for each analysis channel and find agreement within uncertainties.
Multivariate Methods and Results
It can be seen from Tab. 1 that the single top signal is smaller than the background uncertainty, a counting experiment will not have sucient sensitivity to verify their presence. We proceed instead to calculate multivariate discriminants that separate the signal from background and thus enhance the probability to observe single top quarks.
Three separate multivariate techniques have been employed in D0 to extract the signal from the data: Boosted Decision Trees [6] , Matrix Elements discriminants [7] and Bayesian Neural Networks [8] . The output distributions in the most sensitive channel, shown in Fig. 1 for the three methods, also demonstrate good overall agreement between data and background. In order to extract the maximum information from the discriminant outputs, instead of cutting on the outputs and counting events, the full distributions are fed into a Bayesian statistical analysis to measure the single top quark production cross section. The expected and observed cross section results are summarized in Fig. 2 . The uncertainties include statistical and systematic components combined. The data statistics contribute 1.2 pb to the total 1.4 pb uncertainty on the tb+tqb cross section for the DT analysis. The significance is measured re-running the analysis on 70,000 pseudo-datasets generated with all the uncertainties on the background model taken into account, but including only background sources. Thus we obtain the probability for the background-only hypothesis to fluctuate up to give the measured (or SM) value of the tb+tqb cross section or greater.
The three analyses are highly correlated since they all use the same signal and background models and data, with almost the same systematic uncertainties. The correlation between the three methods has been measured in fake pseudo data-sets (which include the systematic uncertainties on our background model), with the SM single top cross section. The Best Linear Unbiased Estimate method (BLUE) [9] has been applied to the three measurements to give a combined measured cross section of σ(pp → tb + X, tqb + X) = 4.7 ± 1.3 pb. The probability to measure this value of the cross section or higher in the absence of signal is 0.014%, corresponding to a 3.6 standard deviation significance.
We use the decision tree measurement of the tb+tqb cross section to derive a first direct measurement of the strength of the V − A coupling |V tb f L 1 | in the W tb vertex, where f L 1 is an arbitrary left-handed form factor [10] . We measure |V tb f L 1 | = 1.3 ± 0.2. This measurement assumes |V td | 2 + |V ts | 2 ≪ |V tb | 2 and a pure V −A and CP-conserving W tb interaction. Assuming in addition that f L 1 = 1, we obtain 0.68 < |V tb | ≤ 1 at 95% C.L.. These measurements make no assumptions about the number of quark families or CKM matrix unitarity.
Summary
We have performed a search for single top quark production using 0.9 fb −1 of data collected by the D0 experiment at the Tevatron collider. We find an excess of events over the background Figure 2: The observed combination result for three measurements (lef t); The expected and observed cross sections and significance for three measurements (right).
prediction in the high discriminant output region from three analyses and interpret it as evidence for single top quark production. The excess has a combined significance of 3.6 standard deviations and the combined measurement of the single top quark cross section is: σ(pp → tb + X, tqb + X) = 4.7 ± 1.3 pb.
